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Edited by Laszlo NagyAbstract In the process of atherosclerosis, platelet activating
factor (PAF) promotes the inﬁltration of inﬂammatory cells into
atherosclerotic plaque by modulating their cytoskeleton. Here,
we examined whether Rho family proteins are involved in
PAF-induced cytoskeletal reorganization in THP-1 macro-
phages. PAF stimulation rapidly induced cell elongation, accom-
panied by ﬁlopodia formation. The inhibition of Rho family
proteins by the overexpression of Rho-GDI attenuated the
PAF-mediated morphological changes. Both RhoA and Cdc42
were activated in response to PAF. Inhibition of RhoA or
Cdc42 by dominant negative mutants abrogated morphological
changes induced by PAF. Collectively, PAF regulates cytoarchi-
tecture through Rho family proteins in macrophages.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Macrophages play important roles in the progression of ath-
erosclerosis. Various kinds of extracellular stimuli activate
macrophages and induce their migration into the atheroscrel-
otic plaques [1]. Activated macrophages release pro-inﬂamma-
tory cytokines, which promote proliferation of vascular smooth
muscle cells. Thus macrophage migration is a crucial event for
atherogenesis, though regulatory mechanisms of macrophage
motility remain to be fully clariﬁed. Interestingly, accumulating
evidence demonstrated that cytoskeletal reorganization,
accompanied by morphological changes, is prerequisite for cell
movement [2,3] and that Rho family proteins, RhoA, Rac1 and
Cdc42, function as cytoskeletal regulators [4,5].
Platelet activating factor (PAF) is an active phospholipid, re-
leased from a wide variety of pro-inﬂammatory cells, including
neutrophils, eosinophilis, macrophages and platelets. PAF
stimulates inﬂammatory reactions via autocrine/paracrine sys-
tem [6,7]. PAF is catalyzed to inactive form by plasma PAF-
acetylhydrolase (PAF-AH). Importantly, gene transfer of
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doi:10.1016/j.febslet.2005.06.022in a rodent model [8], suggesting that PAF mediates critical
signals for atherogenesis. Recently, we have demonstrated that
macrophages exhibit cytoskeletal reorganization in response to
PAF, though signaling pathways downstream of PAF remain
to be elucidated [9].
In the present study, we examined whether Rho family pro-
teins are involved in PAF-mediated morphological changes.
And we propose the pathophysiological signiﬁcance of Rho
signaling pathway as downstream regulators of PAF, in the
progression of atherosclerosis.2. Materials and methods
2.1. Cell culture
THP-1 cells, human monocytic leukemia cells, were purchased from
RIKEN cell bank (Tsukuba, Japan) and cultured as described previ-
ously [9]. To diﬀerentiate the cells into macrophages, cells were stimu-
lated with 50 nM phorbol 12-myristate 13-acetate (Sigma, Saint Louis,
MI) for 48 h.
2.2. Morphological analyses of THP-1 macrophages
THP-1 macrophages were cultured on glass slides in twelve-well plate
(2 · 105 cells), followed by the treatment with or without 100 nM PAF
(Biomol, Plymouth Meeting, PA) for the indicated times. THP-1 mac-
rophages were ﬁxed, permeabilized, and stained with Alex Fluor 546-
conjugated phalloidin (Molecular Probes, Eugene, OR) as described
previously [9]. Cells were examined with a ﬂuorescence microscope
(Olympas, Tokyo, Japan). All photographs were randomly taken by
a person who was not involved in this study and was blinded to the as-
say conditions. The long axes of all the cells in 4–5 ﬁelds were measured
in length (around 100 cells in total). The percentage of cells with ﬁlopo-
dia was also measured in three independent experiments (around 100
cells per each experiment) and data are shown as means ± S.E.M. of
the three assays.
2.3. Immunoblot analysis
Immunoblot analyses were performed as described previously [9].
Brieﬂy, proteins were separated on SDS–polyacrylamide gel and trans-
ferred to PVDF membrane (Millipore, Bedford, MA). Membrane was
immunoblotted with anti-Rho GDI (BD biosciences, Franklin lakes,
NJ), anti-Cdc42, anti-RhoA (Santa Cruz Biotechnology, Santa Cruz,
CA), anti-Rac1 antibody (BD biosciences) or anti-actin antibody (Sig-
ma). ECL system (Santa Cruz Biotechnology) was used for detection.
The intensities for bands were measured with densitometer and quan-
titative analyses were performed with Scion Image.
2.4. Adenovirus-mediated gene transfer
The plasmid encoding of Rho GDP dissociation inhibitor (GDI)
cDNA was kindly gifted by Dr. Y. Takai (Osaka University, Japan)
[10]. Plasmids expressing dominant negative mutants of RhoA
[pCMV5-Flag-RhoA (19 N), dnRhoA], Rac1 [pCMV5-Flag-Rac1
(17 N), dnRac1] and Cdc42 [pCMV5-Flag-Cdc42 (17 N), dnCdc42]ation of European Biochemical Societies.
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The recombinant adenoviral vector expressing Rho GDI (Ad-Rho
GDI), dnRhoA (Ad-dnRhoA), dnRac1 (Ad-dnRac1) or dnCdc42
(Ad-dnCdc42) was prepared through homologous recombination
between pJM17 and the shuttle plasmids co-transfected in 293 cells
as described previously [12]. Viral vectors were puriﬁed by ultracentri-
fugation in the presence of CsCl. Adenovirus gene transfer was per-
formed by incubating diﬀerentiated THP-1 macrophages in the
medium containing adenovirus at MOI 100. Adenovirus vector
expressing b-galactosidase (Ad-b-gal) was used as a control.
2.5. Measurement of the GTP-bound fraction of Cdc42, Rac1 and RhoA
Plasmids encoding the glutathione S-transferase – Cdc42/Rac1 –
binding domain of PAK (GST-CRIB) or the glutathione S-transfer-
ase-RhoA-binding domain of Rhotekin (GST-RBD) were generously
provided by Dr. K. Kaibuchi (Nagoya University, Japan) and Dr.
Y. Nakaoka (National Cardiovascular Center, Japan), respectively
[13,14].
Rho GTPase activities were measured as ratio of GTP-bound pro-
tein to total by pull-down assay according to the previous reports
[15,16] with minor modiﬁcation. In brief, THP-1 macrophages
(1.0 · 106 cells), treated with 100 nM PAF for the indicated times, were
washed with phosphate-buﬀered saline (PBS) twice and lysed in RIPA
buﬀer containing 10 mM Tris–HCl (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 0.5 mM DTT, 1% Triton X-100, 1% deoxycholic acid and pro-
tease inhibitor mixture (Sigma). GTP-bound proteins were precipitated
with GST-CRIB for Cdc42 and Rac1, or with GST-RBD for RhoA
using glutathione column. The total cell lysates and the aﬃnity-
precipitated proteins were immunoblotted for each Rho family pro-
teins, as described above.
2.6. Statistical analysis
All experiments were repeated more than three times, and results are
expressed as the means ± S.E.M. For statistical analyses, t-test or one-
way ANOVA (Fishers PLSD test) was performed. P < 0.05 was con-
sidered signiﬁcant.Fig. 1. PAF induced cell elongation in THP-1 macrophages. THP-1
macrophages were incubated with 100 nM PAF for indicated time and
stained with Alex Fluor 546-conjugated phalloidin. (A) Representative
ﬂuorescent microscopic photographs of THP-1 macrophages stimu-
lated with PAF for 0 and 15 min (upper panels, bar 100 lm). Long
axes of cells (100–137 cells per condition) were measured in length.
Data are expressed as means ± S.E.M. (*P < 0.05 vs. 0 min, analyzed
by Fishers test). Experiments were repeated three times with similar
results. (B) Representative ﬂuorescent microscopic photographs of the
cells with ﬁlopodia (arrows) are shown (upper panels, bar 100 lm).
Around 100 cells were examined. And the percentage of cells with
ﬁlopodia formation was calculated. Assays were repeated three times.
Data are expressed as means ± S.E.M. of the three assays. (\P < 0.05
vs. 0 min, analyzed by t-test).3. Results and discussion
3.1. PAF induced morphological changes in THP-1 macrophages
Previously we demonstrated that PAF induces the reorgani-
zation of actin ﬁlaments [9]. In order to analyze the precise
mechanisms, we examined the time course of the morphologi-
cal changes of THP-1 macrophages in response to PAF. Cells
were stimulated with 100 nM PAF for the indicated times and
stained with Alex Flour 546-conjugated phalloidin. As shown
in Fig. 1A, non-treated cells exhibited the round shape (0 min),
while PAF dramatically induced cell elongation in THP-1 mac-
rophages (15 min). Next, to analyze morphological changes
quantitatively, we measured the long axis of THP-1 macro-
phages as cell length at the indicated time (Fig. 1A). Morpho-
logical change was rapidly induced by PAF within 15 min.
Stimulated THP-1 cells continued to show elongated pheno-
type as long as 180 min.
Accompanied by cell elongation, PAF-treated THP-1 mac-
rophages exhibited ﬁlopodia, as shown in Fig. 1B. To analyze
the eﬀects of PAF on ﬁlopodia formation quantitatively, we
calculated the percentage of cells with ﬁlopodia. Before PAF
stimulation, 31.7 ± 0.9% of total cells possessed ﬁlopodia.
The percentage of the cells with ﬁlopodia signiﬁcantly in-
creased up to 59.5 ± 3.5% within 15 min after PAF treatment.
3.2. Adenoviral transfection of Rho GDI inhibited PAF-
mediated cell elongation of THP-1 macrophages
Filopodia formation is characteristic of cytoskeletal changes
induced by Rho family proteins [4,5]. Thus, to examine theinvolvement of Rho family proteins in morphological changes
of THP-1 cells, we generated adenovirus vector expressing Rho
GDI (Ad-Rho GDI), which inhibits multiple members of Rho
family proteins. To conﬁrm the overexpression of Rho GDI
protein, cell lysates were prepared from THP-1 cells transfec-
ted with Ad-Rho GDI or Ad-b-gal, and immunoblotted with
anti-Rho GDI or anti-actin antibody. Rho GDI protein was
upregulated in Ad-Rho GDI-transfected cells, compared with
Ad-b-gal-transfected cells (Fig. 2A). THP-1 macrophages were
transfected with Ad-Rho GDI or b-gal, stimulated with PAF
and stained with Alex Fluor 546-conjugated phalloidin. As
shown in Fig. 2B and C, adenoviral transduction of Rho
GDI attenuated PAF-induced cell elongation, but not that of
b-gal.
Fig. 2. Transfection of Ad-Rho GDI inhibited the elongation of
THP-1 macrophages by PAF. (A) THP-1 macrophages were incu-
bated with Ad-Rho GDI or Ad-b-gal at MOI 100 for 48 h. Cell
lysates were prepared and immunoblotted with anti-Rho GDI and
anti-actin antibodies as described in Section 2. (B) Cells were
transfected with Ad-Rho GDI or Ad-b-gal, and stimulated with
100 nM PAF for 15 min. Representative ﬂuorescent microscopic
photographs were shown (bar 100 lm). (C) Long axes of cells
(around 100 cells per condition) were measured in length. Data are
expressed as means ± S.E.M. (\P < 0.05). Experiments were repeated
three times with similar results.
Fig. 3. PAF upregulated GTP-binding forms of RhoA and Cdc42, but
not Rac1, in THP-1 macrophages THP-1 macrophages were stimu-
lated with 100 nM PAF for the indicated time. The GTP-binding
fractions of Rho family proteins, RhoA, Rac1 and Cdc42, were pulled
down as described in Section 2. The precipitated proteins and total cell
lysates were immunoblotted to show the GTP-binding and total
amount of Rho family proteins (Total). (A) Representative results of
GTP-binding or total Rho family proteins, prepared from the cells
stimulated with PAF for 0, 15 and 30 min. (B) Experiments were
repeated three times. Data are expressed as means ± S.E.M. of three
experiments (\P < 0.05 vs. 0 min, analyzed by Fishers test).
4040 C. Sumita et al. / FEBS Letters 579 (2005) 4038–4042We also examined the eﬀects of Rho GDI on ﬁlopodia for-
mation. In Ad-b-gal-transfected cells, the percentage of cells
with ﬁlopodia was 38.7 ± 3.3% and 60.1 ± 1.3%, before and
after PAF stimulation, respectively, while 32.8 ± 3.2% and
35.8 ± 3.5% in Ad-Rho GDI-infected cells. These ﬁndings sug-
gest that the inhibition of Rho family proteins by Rho GDI
abrogated ﬁlopodia formation induced by PAF.
It should be noted that the cells expressing Rho GDI were
larger than the cells expressing b-gal, showing the cortical actin
polymerization at the cell peripheral. It remains to be addressed
how Rho GDI induced morphological changes in THP-1 mac-
rophages, however, it is likely that the basal activities of Rho
family proteins might determine the cell morphology in the
unstimulated cells and that the inhibition of basal activities
by Rho GDI might aﬀect the cytoskeletal organization.
3.3. PAF upregulated GTP-bound forms of RhoA and Cdc42 but
not that of Rac1, in THP-1 macrophages
To assess the activation of Rho family proteins by PAF
treatment, pull-down assays were performed as described in
Section 2. THP-1 macrophages were incubated with 100 nM
PAF for the indicated times and cell lysates were prepared.
GTP-bound forms of Rho family proteins were precipitatedand immunoblotted with anti-RhoA, anti-Rac1, or anti-
Cdc42 antibody. As shown in Fig. 3, GTP-bound form of
RhoA was rapidly increased 5–30 min after PAF treatment
and decreased to the basal level. The amount of Cdc42 protein,
precipitated by pull-down assay, was increased within 15 min
of PAF stimulation and its elevated level was sustained as long
as 180 min. In contrast, GTP-bound fraction of Rac1 was not
aﬀected by PAF stimulation. These ﬁndings indicate that PAF
stimulation results in the activation of RhoA and Cdc42.
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elongation by PAF
To investigate causal relationship between Rho family activ-
ities (RhoA, Rac1 and Cdc42) and morphological changes, we
examined the eﬀects of dominant negative forms of RhoA
(dnRhoA), Rac1 (dnRac1), and Cdc42 (dnCdc42), on cell
elongation, by generating adenovirus vectors. First, to conﬁrm
the overexpression of RhoA, Rac1 and Cdc42 proteins, cell
lysates were prepared from THP-1 cells transfected with
Ad-dnRhoA, Ad-dnRac1, Ad-dnCdc42 or b-gal and immuno-
blotted with anti-RhoA, anti-Rac1, anti-Cdc42, or anti-actin
antibody. The increased expression of Rho family proteins
indicated that adenoviral transduction was successfully
performed (Fig. 4A).
Next, cells were infected with Ad-dnRhoA, dnRac1, or
dnCdc42, and stimulated with PAF for 15 min. Cells were
stained with phalloidin and the morphological changes were
analyzed. As shown in Fig. 4B, cell elongation was not induced
in the cells expressing dnRhoA and dnCdc42, while adenoviral
transfection of dnRac1 or b-gal did not aﬀect PAF-mediated
cell elongation.Fig. 4. Inhibition of RhoA and Cdc42 pathway abrogates PAF-
induced cell elongation in THP-1 macrophages THP-1 macrophages
were incubated with Ad-dnRhoA, Ad-dnRac1, Ad-dnCdc42 or Ad-b-
galactosidase (Ad-b-gal) at MOI 100 for 48 h. (A) Cell lysates were
prepared and immunoblotted with anti-RhoA, anti-Rac1, anti-Cdc42
and anti-actin antibodies. (B) Cells were transfected with Ad-dnRhoA,
Ad-dnRac1 and Ad-dnCdc42 or b-gal, and stimulated with 100 nM
PAF for 0 and 15 min. Representative ﬂuorescent microscopic
photographs were shown. (C) Long axes of cells (99–130 cells per
condition) were measured in length. Data are expressed as mean-
s ± S.E.M. (\P < 0.05 vs. 0 min, analyzed by Fishers test). Experi-
ments were repeated three times with similar results.To conﬁrm the eﬀects of these dominant negative mutants
on morphological changes, quantitative analyses were per-
formed by measuring cell length. As shown Fig. 4C, PAF sig-
niﬁcantly increased cell length in the cells transfected with
b-gal and dnRac1. Importantly, the overexpression of dnRhoA
and dnCdc42 abrogated the cell elongation in response to
PAF.
Finally, we evaluated the eﬀects of dominant negative mu-
tants of Rho family proteins on ﬁlopodia formation. And it
was revealed that PAF increased the percentage of the cells
with ﬁlopodia, in THP-1 macrophages expressing b-gal or
dnRac1 (39.7 ± 2.1% to 65.5 ± 1.4% or 33.6 ± 3.2% to
67.0 ± 2.5%, respectively), while not in dnRhoA or dnCdc42-
transfected cells (32.1 ± 3.1% to 32.1 ± 2.6%, or 31.2 ± 0.8%
to 34.2 ± 0.8%, respectively). These data indicate that RhoA
and Cdc42 activity is required for cytoskeletal reorganization
by PAF.
In the present study, it was revealed that RhoA and Cdc42
were activated in response to PAF and that the activation of
RhoA and Cdc42 was required for PAF-mediated morpholog-
ical changes. Functional diﬀerences between RhoA and Cdc42
remain to be clariﬁed. However, it should be noted that RhoA
was transiently activated by PAF stimulation, while activation
of Cdc42 was sustained. PAF rapidly induced cell elongation
and PAF-stimulated THP-1 cells showed the elongated pheno-
type as long as 180 min. Thus, we propose that RhoA activity
may contribute to rapid formation of actin ﬁlaments and that
Cdc42 function may as a modulator of actin dynamics, by reg-
ulating the interaction between actin ﬁlaments and cell mem-
brane. Consistent with this proposal, it was previously
reported that RhoA activation results in the formation of con-
tractile actin ﬁlaments and that the activation of Cdc42 leads
to the assembly of adhesion sites to the extracellular matrix
in macrophages [17], leading to the protrusion of cell mem-
brane [18].
In contrast, we could not detect the activation of Rac1 in re-
sponse to PAF. Previously, by using an activation-speciﬁc
probe, Geijsen et al. [19] demonstrated that PAF stimulation
activates Rac1 within 5 s in neutrophils. We cannot deny that
we failed to detect Rac1 activation because of the limitation of
the assay system; however, it is unlikely that Rac1 activation is
required for cell elongation or for ﬁlopodia formation in re-
sponse to PAF in THP-1 cells, because adenoviral transduc-
tion of dnRac did not aﬀect these morphological changes. It
could be possible that the transient activation of Rac1 might
contribute to diﬀerential cellular functions, such as calcium in-
ﬂux, from RhoA or Cdc42.
In summary, we demonstrated that PAF rapidly induced the
reorganization of actin ﬁlaments through RhoA and Cdc42 in
THP-1 macrophages. These ﬁndings propose the molecular
mechanisms for PAF-mediated migration of inﬂammatory
cells in atherosclerosis.Acknowledgements: We thank Yasuko Murao for her excellent secre-
tarial work. This study is partially supported by a Grant-in-Aid from
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